The sequence of 3553 nucleotides corresponding to the 3'-terminal region of potato virus S (PVS) has been determined from cloned cDNA. The sequence obtained contains six open reading frames (ORFs) encoding proteins of Mr 10 734, Mr 32 515, Mr 7222, Mr 11 802, Mr 25092 and at least Mr 41052. The sequence of the 33K ORF has been confirmed to be that of the viral coat protein gene. The nucleotide sequence of this ORF was obtained from plasmids which were isolated by colony hybridization with a specific monoclonal antibody to PVS, and the expression of coat protein fusion products was verified by Western blots of bacterial cell lystates. The deduced amino acid sequence of a 70 amino acid portion from the central region of the PVS coat protein was 59~ identical to the analogous region of potato virus X. In addition, the 7K, 12K and 25K ORFs displayed significant sequence homology with the similarly sized ORFs from a number of potexviruses. The partial 41K ORF product was homologous with the C-terminal portion of the viral replicase proteins of potato virus X and white clover mosaic virus.
INTRODUCTION
Potato virus S (PVS) is a member of the carlavirus group and is transmitted by aphids in a non-persistent manner to members of the Solanaceae and Chenopodiaceae. The viral RNA is encapsidated in an approx, 33K coat protein species to make slightly flexuous filamentous particles of 650 nm x 12 nm (Koenig, 1982) . The viral genome consists of one single-stranded, positive sense, RNA molecule with an estimated Mr of 2.39 x 106 which contains a 3'-terminal polyadenylated region (Monis et al,, 1987) . Translation of PVS RNA in vitro using a rabbit reticulocyte lysate has been reported to yield primarily four products with Mr values of 124K, l12K, 98K and 36K (Monis et al., 1987) .
In this report we present the sequence of 3553 nucleotides from the 3' terminus of the Andean (Peruvian) strain of PVS RNA and examine the amino acid sequence homologies between the coat protein gene, and five other predicted open reading frames (ORFs), with similar regions from the potato virus X genome.
METHODS
Virus purification and preparation of viral RNA. The Peruvian strain of PVS (Hinostroza-Orihuela, 1973 ) was purified from systemically infected Chenopodium quinoa. Leaf tissue was homogenized in a Waring blender with 3 volumes of 0.1 M-sodium borate pH 8-2, 0-1 M-EDTA containing 2~ (w/v) polyvinylpyrrolidone 44 and 0.1~ 2-mercaptoethanol. The homogenate was expressed through nylon cloth and the sap was centrifuged at 9000 r.p.m. for 20 rain (Sorvall GSA rotor). Then, the supernatant was centrifuged at 35000 r.p.m, for 90 min in a Ti50.2 rotor and the pellets were resuspended in 0.01 M-sodium phosphate pH 7-5. Following a low speed clarification, caesium chloride was added to a final concentration of 40~ (w/v) and the solution was then centrifuged for 20 h at 60000 r.p.m, in a Ti70. l rotor. The opalescent band was collected and dialysed against 0.01 M-sodium phosphate pH 7.5. Virus yields were estimated from the absorbance at 260 nm assuming E260.1 mg/rnt = 3"0. Viral RNA was prepared from alkaline SDS-treated particles by multiple phenol-chloroform extractions and ethanol precipitation (MacKenzie & Tremaine, 1988) .
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Preparation of eDNA and isolation of recombinant plasmids expressing portions of the PVS coat protein gene. All manipulations were performed essentially as described by Maniatis et al., 1982 , unless otherwise indicated. First strand eDNA was prepared from purified viral template RNA using cloned murine Moloney leukaemia virus reverse transcriptase and oligo(dT) primer (D'Alessio et al., 1987) . Second strand synthesis was accomplished with Escherichia coli DNA polymerase I in the presence of RNase H. The ds eDNA was rendered perfectly blunt-ended by treatment with T4 DNA polymerase and was size-fractionated by chromatography over Sepharose CL-4B. Material eluting in the void volume of the column was blunt-end ligated into Sinai-digested, bacterial alkaline phosphatase-treated pUC13 (Pharmacia) using T4 DNA ligase and subsequently used to transform competent E. coli DH5ct cells to ampicillin resistance.
Recombinant plasmids expressing an in-frame fusion product of the ct peptide of lacZ and portions of the PVS coat protein were detected by colony hybridization using a specific monoclonal antibody (MAb 1GI 1 kindly provided by A. Wieczorek, Vancouver Research Station) and t'-5I-labelled goat anti-mouse Ig. Bacterial colonies were replicated onto 82 mm diameter circles of nitrocellulose membrane and grown at 37 °C until the average colony size was approximately 0.2 to 0.4 mm (8 to 10 h). The colonies were lysed by placing the filters for 10 to 15 min in a closed container on a piece of Whatman 3M paper saturated with chloroform. The filters were then incubated in a solution of blocking buffer (10 mM-Tris-HCl pH 7.4, 0.15 M-NaCI, 5 mM-MgCI2, 0-05 ~ Tween-20, 1.0 ~ bovine serum albumin) containing 0-1 mg/ml lysozyme and 50 ~tg/ml DNase for 1 to 2 h at room temperature with gentle agitation. The initial incubation with MAb 1G 11 was performed using hybridoma culture supernatant (diluted 1:100 in blocking buffer) for 60 to 90 min followed by several washes with PBS-Tween (Dulbecco's phosphate-buffered saline plus 0.1 ~ Tween-20). Bound antibody was detected by incubation with 125I-labelled goat anti-mouse Ig (1-5 x 106 c.p.m./lag), diluted to 1 × 106 c.p.m./ml in blocking buffer, for 60 min followed by extensive washing with PBS-Tween and overnight autoradiography.
Western blot analysis of expressed fusion proteins. Bacterial colonies that were positive for the expression of PVS coat protein fusion products were further analysed by SDS-PAGE and Western blotting using MAb 1Gll. Overnight cultures (0-5 ml) were harvested by centrifugation at 5000 r.p.m, for 10rain in an Eppendorf microcentrifuge and the cell pellets were resuspended with 50 ~tl of SDS-PAGE sample buffer (4 ~ SDS, 125 mMTris-HCl pH 6.8, 10~o 2-mercaptoethanol, 0"4~o bromophenol blue, 20~o glycerol) and then incubated for 10 min at 85 °C. Samples were centrifuged at 13000g for 5 min and 5 lal aliquots were electrophoresed in a 10~ polyacrylamide gel using the buffer system of Laemmli (1970) . Separated proteins were electroblotted onto Immobilon membrane (Millipore) in 25 mMoTris, 192 mM-glycine, 20~ methanol pH 8.3 at 100 V (0.25 A) for 60 min at 4 °C. The transfer blots were treated with blocking buffer for 60 min and incubated with diluted hybridoma culture supernatant and 125I-labelled goat anti-mouse Ig as described above.
Immunoprecipitation ofPVS RNA in vitro translation products. Purified PVS RNA (2 ~tg) was translated in a mixture of 50 ixCi of [3sS]methionine, I ktl of essential amino acid mixture (1 mM of each amino acid except methionine) and 40 ~tl of nuclease-treated rabbit reticulocyte lysate (Promega). After 90 min at 29 °C the mixture of translation products was immunoprecipitated with MAb 1G11 and analysed by SDS-PAGE as previously described (MacKenzie & Tremaine, 1988) .
Nucleotide sequence determination. Supercoiled plasmid dsDNA were alkali-denatured and sequenced by the dideoxynucleotide chain termination method (Sanger et al., 1977) using [ct-32p] dATP (3000 Ci/mmol) and either the Klenow fragment from E. coli DNA polymerase I or modified T7 DNA polymerase (Toneguzzo et al., 1988) .
RESULTS

Western blot analysis of expressed fusion proteins
Twelve recombinant plasmids expressing different portions of the PVS coat protein were isolated by colony screening with MAb 1G 1 l. Western blots of bacterial cell lysates from four of these clones, pVS45, -57, -65 and -61, labelled with MAb 1G 11 and 1 zSI-labelled goat anti-mouse Ig are shown in Fig. 1 . SDS-PAGE analysis of the viral coat protein (Fig. 1, lane 1) showed a predominant band of Mr 32.8K as well as two or three lower Mr species which presumably are proteolytic degradation products. The MAb 1G 11 reacted strongly with all of these components (Fig. 1, lane 3) . Plasmid pVS45, which contained a 1.4 kb insert, expressed the largest (40K) fusion protein (Fig. 1, lane 7) . The apparent Mr of this fusion protein was significantly greater than the 33K viral coat protein, even after allowing for the 16 amino acids (with a total Mr of 1703), contributed by the N-terminal lacZ ~ peptide sequence.
Nucleotide sequence determination
Sequence information was obtained from several independent recombinant plasmids following the stategy depicted in Fig. 2 . The coat protein specific inserts from plasmids pVS45, -64, -57, -41, -66, -65 and -61 were isolated following colony hybridization with MAb 1GI1 and l"-Sl-labelled goat anti-mouse lg and expressed different sized coat protein fusion products. The remaining clones were identified by colony hybridization using a random primed 3zp.
labelled restriction fragment prepared by Pstl digestion of pVS61. In addition, several subclones were prepared either by specific restriction endonuclease digestion or by sequential digestions with exonuclease III followed by mung bean nuclease treatment and re-ligation. The extent and orientation of the sequence obtained from each clone is represented by the arrows below.
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-64, -57, -41, -66, -65 and -61 formed a nested set of 5' deletions all of which were 3' coterminal. The remaining clones (pVS49, were isolated following colony hybridization of the PVS cDNA library with a random primed 32p-labelled restriction fragment obtained by PstI digestion of pVS61. All of these clones contained sequences derived from the extreme 3' terminus of PVS RNA including variable lengths of a poly(A) tract. Additional subclones were generated either by specific restriction endonuclease digestion or by sequential digestions with exonuclease III followed by mung bean nuclease treatment and re-ligation.
Organization of the Y-terminal region of PVS
The sequence of 3553 nucleotides corresponding to the 3'-terminal region of PVS RNA is shown in Fig. 3 . Six potential ORFs have been identified and the amino acid sequence of each of these is shown above the DNA sequence in Fig. 3 . The 5' terminus of the pVS45 insert was found to be located at position 2136. Because of the size of the fusion product produced by this clone it was likely that the 5' terminus of the pVS45 insert would be located on the 5' side of the coat protein initiation codon, and in the same frame. From the nucleotide sequence it can be seen that there are two possible ATG initiation codons for the coat protein cistron. Translation from the ATG codon at position 2045 would yield a 375 residue polypeptide of 41.5K which is considerably larger than the 32-8K size estimated by SDS-PAGE of purified viral coat protein. However, translation from the initiation codon at position 2291 would yield a 293 residue polypeptide with an Mr of 32.5K which agrees more closely with the experimentally determined value. Therefore, it is likely that this represents the true start of the coat protein ORF. The predicted amino acid composition of this 33K ORF is in close agreement with that published for the PVS coat protein (Tremaine & Goldsack, 1968) . In addition to the 33K coat protein, small amounts (approx. 5 ~) of a 42K product were specifically immunoprecipitated from a mixture of [35S]methionine-labelled in vitro translation products of PVS RNA (Fig. 1, lane 9) .
Four ORFs 5' to the coat protein cistron were identified: the ORF extending from position 2052 to 2247 encodes a 65 residue polypeptide (7.2K); the ORF extending from position 1762 to 2086 encodes a 108 residue polypeptide (ll.8K); a 25K ORF was identified 5' to the 12K protein, extending from position 1101 to 1782 (M~ 25092); a fourth, partial ORF beginning 5' to the cloned cDNA sequence and terminating at position 1062 encodes a polypeptide of at least 41-05K. An additional ORF, 3' to the coat protein gene was also identified. This ORF extends from position 3169 to a TGA stop codon at position 3448 and is translated into a 93 residue polypeptide of Mr 10-7K.
A comparison of the predicted amino acid sequence of the PVS coat protein ORF with the published coat protein sequence of potato virus X (PVX; Huisman et al., 1988) , white clover mosaic virus (WC1MV; Harbison et al., 1988) and papaya mosaic virus (PMV; Short et al., 1986) revealed some striking similarities (Fig. 4) . For example, in the sequence of 70 amino acids beginning at position 181 of PVS, 30 amino acids were identical with WC1MV (positions 98 to 167), 41 amino acids were identical with PVX (positions 123 to 192) and 36 amino acids were identical with PMV (positions 98 to 167). Comparison with the same region from potato aucuba mosaic virus (PAMV; Bundin et al., 1986) coat protein showed a 48~ homology with 33 identical matches (sequence alignment not shown). The locations of invariant amino acids in four potyviruses (Morozov et al., 1987) which were identical in PVS and at least two of the potexviruses examined, are indicated by asterisks below the aligned sequences in Fig. 4 . Little homology was observed between the extreme N-and C-terminal portions of the PVS coat protein with those regions from the various potexviruses.
Recent reports have identified the presence of a small (7K) ORF immediately 5' to the coat protein cistron in a number of potexviruses. A comparison of the amino acid sequence of the PVS 7K ORF with those from PVX (Huisman et al., 1988) and PAMV (Bundin et al., 1986) revealed some regions of significant homology (Fig. 5 a) with 25 ~ identical matches between PVS and each of these proteins.
Alignment of the 12K ORF with the amino acid sequence of the 12K ORF of PVX (positions 1 to 67) and the 13K ORF of WCIMV (positions 1 to 62) revealed a 46~ homology with each of these proteins (Fig. 5b) . Comparison with the 14K ORF from barley stripe mosaic virus (BSMV) RNA 2/? (Gustafson & Armour, 1986 ) revealed a 50~ homology from positions 40 to 64 of BSMV. A small region of identical matches between the 12K ORF of PVS and the 13K ORF of beet necrotic yellow vein virus (BNYVV) RNA 1 (Bouzoubaa et al., 1987) is indicated by asterisks below the aligned sequences in Fig. 5 (b) . The 25K protein also displayed considerable sequence homology, primarily at the N-and C-terminal regions, with the similarly sized proteins from PVX and WCIMV (Fig. 6) . The N-terminal homologous domain contained the conserved sequence G-GKSS/T which is also found within the 58K protein of BSMV and the 42K protein of BNYVV RNA 2 (Bouzoubaa et al., 1986 ) (indicated by asterisks in Fig. 6 ).
Analysis of a portion of the extreme 5' end partial 41K ORF from PVS with similar regions from the 166K protein of PVX (positions 1243 to 1384) and the 147K protein of WCIMV (positions 1078 to 1219) showed homologies of 32~o and 40~ respectively (Fig. 5c ). This homologous domain contained the sequence T/SG---T---NT(22 amino acids)GDD which is conserved in the RNA replicase components from most plant and animal single-stranded RNA viruses (Cornelissen & Van Vloten-Doting, 1988) . Examination of the putative l lK ORF located 3' to the PVS coat protein cistron did not reveal any significant sequence homologies with published plant viral sequences.
DISCUSSION
The cDNA sequence corresponding to the 3553 T-terminal nucleotides of PVS RNA has been determined by dideoxynucleotide chain termination sequencing of recombinant plasmids containing virus-specific inserts. The sequence obtained contains six ORFs in the viral (plus) sense. Translation of the largest (42K) potential ORF (positions 2045 to 3170) from an internal ATG codon (position 2291) would yield a 33K polypeptide, the sequence of which has been confirmed to be that of the coat protein. Evidence for the cell-free translation of the entire 42K ORF was obtained by immunoprecipitation of the [35S]methionine-labelled in vitro translation products of PVS RNA which showed that in addition to the 33K coat protein, small amounts of a 42K protein were also produced. The internal initiation site (position 2291) is in a more optimal context for initiation of translation (Lutcke et al., 1987) which may in part explain the much higher (approx. 20-fold) level of expression of the 33K product relative to the 42K protein. However, the presence of a large proportion of subgenomic RNAs which exclude the first AUG site (position 2045) cannot be ruled out. Whether this 42K protein is also produced in vivo, and what biological significance it has, remain to be demonstrated.
The high degree of homology between a 70 amino acid residue region in the central portion of the coat protein with similar regions from the potexvirus coat proteins was surprising as PVS has not been shown to be serologically related with these viruses. Mild proteolysis of potato virus Y (Shukla et aL, 1988) particles has demonstrated that the N and C termini of its coat protein are exposed on the surface of the virus particle and a similar arrangement has been proposed for PVX from studies on limited proteolysis (Koenig et al., 1978) and by examination of predicted secondary structural features (Sawyer et al., 1987) . Therefore, it is likely that the central portion of the PVS coat protein sequence, which contains the regions of highest homology with the potexviruses, is buried within the interior of the virus particle and thus not immunogenic. This central core sequence, which also contains small blocks of homology with the potyviruses, may be important in maintaining correct tertiary structure of the coat protein and/or play a role in interacting with the viral RNA.
The amino acid sequence homologies between the partial 41K ORF from PVS at the extreme 5' end and the 166K and 147K proteins from PVX and WC1MV and the presence of the conserved sequence motif, T/SG---T---NT(22 amino acids)GDD, indicates that this ORF represents the C-terminal portion of the viral replicase.
The 7K, 12K and 25K ORFs located 5' to the 33K coat protein ORF show significant sequence homology with similarly sized ORFs which have previously been identified for a number of potexviruses. The 13K, 14K, 13K and 12K ORFs of BNYVV, BSMV, WC1MV and PVX respectively share the greatest degree of sequence homology centred about the sequence motif GD(7 or 8 amino acids)GG-Y(R/K)DG(T/S)(K/R) (Huisman et al., 1988) . This is also the area of greatest homology with the 12K ORF from PVS. The 12K and 13K proteins from PVX and WC1MV have been suggested to be membrane-bound proteins (Morozov et al., 1987; Forster et al., 1988) . The 12K protein from PVS has a hydrophobicity profile (results not shown) similar to those of these two proteins from PVX and WCIMV and may also be membraneassociated. The conserved sequence motif G-GKSS/T found in the N-terminal regions of the 25K to 26K proteins of PVS, PVX and WCIMV is also present in two-thirds of the C-terminal 58K and 42K proteins of BSMV and BNYVV. This domain has been observed in a number of ATP-and GTP-binding proteins (Zimmern, 1987) as well as the central portions of the 166K and 147K replicase components from PVX and WC1MV (Huisman et al., 1988; Forster et al., 1988) .
The role of the 7K, 12K and 25K non-structural proteins encoded by PVS RNA, and their counterparts in the potexviruses, remains unknown and direct biochemical evidence for their expression in virus-infected tissue has not been demonstrated. It is likely that one of these proteins is involved in the cell-to-cell movement of PVS. Previous work with the LS1 strain of tobacco mosaic virus, which is temperature-sensitive with respect to movement, has quite elegantly shown that this function is mediated by a 30K non-structural protein (Ohno et al., 1983; Meshi et al., 1987) . The 30K protein function could be complemented in trans by previous inoculation with PVX (Taliansky et al., 1982) . Given the significant sequence homologies observed between the 7K, 12K and 25K proteins of PVS and PVX, it would be of interest to know if PVS could also serve to complement the movement of LS1 at the restrictive temperature. The ability to produce specific antiserum directed against cloned sequences from each of these proteins produced in bacterial expression systems will enable the measurement and ultrastructural localization of each of these products in virus-infected tissue.
The overall similarity in genome organization and the extent of the amino acid sequence homologies observed between the capsid proteins and three small putative non-structural polypeptides between PVS and members of the potexvirus group, as well as BSMV (hordeivirus) and BNYVV (furovirus) indicate that a significant relationship exists. However, the presence of an additional 11K ORF 3' to the coat protein gene of PVS sets the carlavirus group apart. To date, no sequence information has been reported for other members of the carlavirus group and much work remains to be done in elucidating their mode of replication and encapsidation.
